Lymantria dispar has a long historical association with the baculovirus Lymantria dispar multiple nucleopolyhedrovirus (LdMNPV), which is one of the primary population regulators of L. dispar in the field. However, host larvae exhibit strong developmental resistance to fatal infection by LdMNPV; the LD 50 in newly moulted fourth instars is 18-fold lower than in the middle of the instar (48-72 h post-moult). Using a recombinant of LdMNPV expressing lacZ, we examined the key steps of pathogenesis in the host to explore mechanisms of developmental resistance. At the midgut level, we observed reduced primary midgut infections in mid-fourth instars, indicating increased sloughing of infected cells. Additional barriers were observed as the virus escaped the midgut. Mid-fourth instars had higher numbers of melanized foci of infection associated with the midgut, apoptotic tracheal epidermal cells and haemocytes, and reduced numbers of infected haemocytes later in infection. Our results show that the co-evolutionary relationship between L. dispar and LdMNPV has resulted in both midgut-based and systemic antiviral defences and that these defences are age-dependent within the instar. This age-related susceptibility may contribute to how the virus is maintained in nature and could influence management of L. dispar by using the virus.
INTRODUCTION
The evolutionary arms race between viruses and their hosts is mediated by a complex balancing of costs and benefits; pathogens adapt to maximize progeny production and reduce infection time, while hosts counter with adaptations to reduce successful infection and maximize their own fitness (Cotter et al., 2004) . The infection cycles of baculoviruses are linked closely with the life cycles of their lepidopteran hosts (Moscardi, 1999) , providing ideal systems for studying these co-evolutionary interactions.
The nucleopolyhedroviruses (NPVs) of the family Baculoviridae initiate infection when a susceptible host ingests occlusion bodies (OBs), which release occlusionderived virus (ODV) that infects the midgut epithelial cells (Pritchett et al., 1984) . Infected midgut cells produce budded virus (BV) that escapes the midgut by infecting tracheal epidermal cells, which penetrate the basal lamina (Volkman, 2007) . Infection spreads via the tracheal system and haemocytes until most tissues are infected (Engelhard et al., 1994) . Late in the virus life cycle, infected cells switch from producing BV to making ODV packaged in occlusions (Riegel & Slavicek, 1997) . Upon the host's death, liquefaction occurs, releasing OBs into the environment to infect another host (Reardon, 1996; Riegel & Slavicek, 1997) .
A well-documented consequence of the intimate relationship between baculoviruses and lepidopterans is developmental resistance, characterized by decreasing susceptibility to mortal infection between and within larval instars. Most extensively studied in noctuid hosts challenged with Autographa californica nucleopolyhedrovirus (AcNPV) (Engelhard & Volkman, 1995) , the majority of cases of developmental resistance within an instar are midgut-based (Haas-Stapleton et al., 2003) . As the insect ages within an instar, there is a window of opportunity for the virus to escape the midgut into the tracheal system before infected midgut cells are sloughed, removing the virus from the host (Engelhard et al., 1994) . If the virus spreads into the tracheal system before these infected cells are sloughed, the host will usually succumb to infection, because it was thought that tracheolar cells servicing the midgut could not be lost. However, loss of tracheal epidermal cell infections can occur (Haas-Stapleton et al., 2003) and this process may be more widespread than thought previously.
Lymantria dispar multiple nucleopolyhedrovirus (LdMNPV) is specific to the species from which it was first isolated, L. dispar (Barber et al., 1993) ; this is one of the first reported associations between NPVs and lepidopterans (Reiff, 1911) . LdMNPV is endemic and a primary regulating factor of gypsy moth populations, generating periodic epizootics that can collapse populations (Elkinton & Liebhold, 1990; Liebhold et al., 2000) . Using the same inoculation method, LdMNPV has a similar potency (LD 50 ) in L. dispar in the first 12 h after moulting (74 OBs) as in a host highly permissive to AcNPV, Heliothis virescens, immediately after moulting (30 OBs) (Hoover et al., 2002; Washburn et al., 1995) . However, by the middle of the fourth instar, the LD 50 of LdMNPV is 18-fold higher than in newly moulted larvae, whereas the susceptibility of mid-instar H. virescens (24 or 15 h post-moult to the fourth instar) is approximately 2-fold higher than in newly moulted fourth instars (Hoover et al., 2002; Washburn et al., 1995) . It is likely that developmental resistance to LdMNPV, both among and within instars, is responsible for much of the reduced potency in feeding larvae (mid-instars) (Hoover et al., 2002) . Developmental resistance of L. dispar to LdMNPV is also distinct among lepidopteran/NPV systems in that it involves both midgut-and systemic-based barriers (Grove & Hoover, 2007; Hoover et al., 2002) . Hoover et al. (2002) hypothesized that immune responses play a role in systemic resistance in L. dispar. In non-or semi-susceptible hosts, cellular immune responses to AcNPV-infected tissues can occur (Rivkin et al., 2006; Trudeau et al., 2001; Washburn et al., 2000) . Haemocytes of some hosts are refractory to AcNPV infection and replication, which slows or stops the spread of the virus within the haemocoel (Rivkin et al., 2006) . Apoptosis of AcNPV-infected cells can also serve as an antiviral response (Clarke & Clem, 2003; da Silveira et al., 2005; Zhang et al., 2002) . To our knowledge, the prevalence of these resistance mechanisms in non-noctuid hosts or how age within an instar affects these processes has not been explored.
In this study, we conducted a detailed comparison of LdMNPV pathogenesis in fourth-instar L. dispar using newly moulted larvae (designated 4 0 ) and mid-fourth instars (48 h post-moult to the fourth instar, designated 4 48 ) to investigate the relationships between midgut-based barriers and systemic immune responses with respect to developmental resistance. We compared the spread of virus from the midgut to surrounding tissues in orally inoculated larvae to determine whether the key steps of pathogenesis differ with age post-moult. We also compared incidences of cellular encapsulation and the ability of haemocytes to support complete virus replication between the two larval ages. Finally, we asked whether apoptosis could be a mechanism for eliminating virus infections.
RESULTS

Key steps in LdMNPV pathogenesis using a LacZ reporter
Following oral inoculation, infection spread from the midgut epithelial cells, through the tracheal system, and into the haemolymph and other tissues (Figs 1 and 2 ). Midgut-associated tracheal epidermal cell infections were extensive and persisted for up to 8 days post-inoculation (p.i.). In 4 0 larvae administered the lower virus dose (500 OBs), haemocyte infections first appeared in low numbers 4 days after the appearance of tracheal epidermal cell infections (Fig. 1) . In contrast, in 4 0 larvae inoculated with the higher virus dose (4000 OBs), haemocyte infections were detected 1 day after tracheal epidermal cell infections first appeared (Fig. 2) . The level of infection in haemocytes of these larvae remained low until the incidence of tracheal epidermal cell infections peaked at 3 days p.i.
Evidence of developmental resistance
Developmental resistance was apparent at both oral virus doses; mortality of 4 0 larvae inoculated with the low dose was 9-fold higher than that of 4 48 larvae (64 and 6.8 %, respectively) and 11-fold higher in larvae inoculated with the high dose (95 and 8.3 %, respectively). The higher mortality in 4 0 larvae was reflected in more prevalent LacZ signalling in all tissues of 4 0 larvae than in 4 48 larvae at both doses (Figs 1 and 2 ). Haemocyte signalling was much more prevalent in 4 0 larvae than in 4 48 larvae.
Developmental resistance was also evident in intrahaemocoelically (IH) injected larvae, although the magnitude of the difference in mortality between the cohorts was only 3-fold for larvae injected with the low virus dose (3.8 TCID 50 ; 66 vs 22 %) and 1.5-fold for larvae injected with the high dose (55.9 TCID 50 ; 74 vs 50 %). Similarity in mortality between the larval ages was consistent with similar prevalence of insects with LacZ signalling in haemocytes (the only tissue examined in IH-inoculated larvae), although there was a slight trend for more prevalent LacZ signalling in 4 0 larvae, especially at the low dose (Fig. 3) .
Contribution of encapsulations of infected tissue to developmental resistance
Encapsulations in infected tissues were significantly higher in number in 4 48 than in 4 0 larvae at both virus doses (Fig. 4) . Within an age group, encapsulation increased with increasing dose. There were no encapsulations detected in mock-inoculated larvae at the low dose and no significant difference in the prevalence of encapsulations between age groups for mock-inoculated larvae at the high dose Haemocyte susceptibility to infection in orally inoculated larvae
At the low virus dose, there were very few 4 48 larvae with haemocyte infections, and 4 0 larvae contained significantly greater proportions of infected haemocytes at all time points (Fig. 5) . At the high dose, the proportion of 4 48 larvae with haemocyte infections was also significantly lower than in 4 0 larvae, except at 6 days p.i. In larvae with LacZ signalling in haemocytes, there was a continuing increase in the proportion of infected haemocytes in 4 0 larvae from 4 days p.i. onward in larvae infected with either the low or high dose. However, in 4 48 larvae with signalling haemocytes, .51 % of haemocytes became infected after 5 days p.i., as virus was escaping the midgut, but by 8 days p.i. only 8 % of haemocytes were infected, which was a significantly lower proportion than in 4 0 larvae (Fig. 5) . Even though the proportion of infected haemocytes was changing between 5 and 8 days p.i. in 4 48 compared with 4 0 larvae, within each virus dose there was no significant difference between age groups in the Even though the proportion of LacZ-signalling larvae in haemocytes was dramatically different between ages, the proportion of signalling haemocytes that produced OBs increased significantly with time, regardless of the route of inoculation (Fig. 5 ). There were no significant differences in the proportion of infected haemocytes (signalling LacZ) that produced OBs between 4 0 and 4 48 larvae.
Haemocyte susceptibility to infection in IH-injected larvae
Infection in the haemocytes appeared in both age groups at 5 and 4 days p.i. for larvae injected with the low and the high dose, respectively (Fig. 6 ). For larvae inoculated with the low dose, the proportion of infected haemocytes in 4 0 and 4 48 larvae increased initially and then remained steady until it decreased at 8 days p.i. In larvae inoculated with the high dose, the proportion of infected haemocytes also increased initially, but remained constant after 5 days p.i. (Fig. 6 ). There was no significant difference between these age groups in the concentration of haemocytes, regardless of virus dose (ANCOVA, low dose: F 1,50 50.9, P50.4; high dose: F 1,77 53.7, P50.06; Supplementary Fig. S1 ). There were also no significant differences between 4 0 and 4 48 larvae with LacZ-signalling haemocytes in the proportion of these haemocytes that contained OBs, except at 5 days p.i., when a greater proportion of haemocytes from 4 48 larvae contained OBs (Fig. 6 ).
Evidence of apoptosis in infected tracheal epidermal cells in orally inoculated larvae
As virus escaped the midgut, systemic infections in internal tissues (e.g. fat body, epidermis, haemocytes) were always accompanied by tracheal epidermal cell infections. At later time points, a subset of larvae with systemic infections lost (#) larvae in a time-course experiment. OB production was determined by observing OBs in cells at ¾400+¾3 digital zoom with phasecontrast illumination. Significantly different values between age groups at a given number of days p.i. are indicated by an asterisk over the data point (low and high dose: KruskalWallis, chi-squared: P,0.05; OB production: ANOVA, F 1,55 50.3, P50.6). n510 and 20 for low and high dose, respectively; error bars51 SEM.
tracheal epidermal cell infections without evidence of cellular encapsulation or melanization of tracheae. The proportion of larvae with systemic infections without tracheal epidermal cell infections was 4-fold higher in 4 48 than in 4 0 larvae by 8 days p.i. (Fig. 7) .
In 4 0 larvae, apoptotic cells co-localized with infected tracheal epidermal cell infections (evidenced by colocalization of LacZ and TUNEL signalling and visible cell blebbing; Fig. 7 ). Apoptotic cells were detected in virusinoculated 4 0 larvae at all time points ( Supplementary  Fig. S2 , available in JGV Online), but were most prevalent in larvae dissected at 9 days p.i. Negative controls did not show TUNEL staining, whereas positive controls did. These experiments were not performed with orally inoculated 4 48 larvae due to the low incidence of infection (seven of 60 larvae). In the majority of 4 48 larvae, infection was cleared completely before escaping the midgut (Figs 1 and 2) .
Evidence of apoptosis in haemocytes in orally inoculated larvae
Apoptotic haemocytes were detected in mock-and virusinoculated larvae at all time points in both age groups (as measured by TUNEL signalling, verified by caspase detection; Fig. 8a-c) . In virus-inoculated larvae with evidence of systemic infection, the proportion of apoptotic haemocytes in 4 48 larvae was almost 2-fold greater than in 4 0 larvae at 7 and 8 days p.i., although the difference was significant only at 7 days p.i. (Fig. 8a) . Apoptotic haemocytes were significantly more prevalent in virusinoculated 4 48 larvae than in mock-inoculated larvae at 8 days p.i., but there were no significant differences between virus-and mock-inoculated larvae at any other time point for either age group (data not shown). For both the TUNEL and caspase assays, activity was detected in the positive controls, but not in the negative-control group(s). We did not differentiate between apoptotic haemocytes with or without LacZ signalling in virus-infected larvae. Virus infection in haemocytes of 4 48 larvae was rarely observed via LacZ signalling, whereas it was prevalent in haemocytes of 4 0 larvae. Potentially, haemocytes of 4 48 larvae were virus-infected and undergoing apoptosis before LacZ signalling was detectable. In studies using AcNPV, apoptosis was triggered by replication of viral DNA, as evidenced by DNA polymerase expression (Schultz & Friesen, 2009 ). In LdMNPV, viral DNA polymerase is first expressed at 7 h p.i. (Riegel & Slavicek, 1997) , but with the viral construct used in this study, LacZ was not detected in cultured Ld652Y cells infected with a high dose of virus (2 TCID 50 BV units per cell) until 24 h p.i. (J. Slavicek, unpublished data), providing a window of opportunity for apoptosis to occur before detection of LacZ. Also, cells undergoing apoptosis often had lower visible LacZ signalling (Fig. 8c) .
DISCUSSION
Developmental resistance in L. dispar to LdMNPV was observed as barriers to infection at each key step of pathogenesis, and the effectiveness of these barriers changed as the larvae aged within the instar. Midgut barriers and systemic defences such as encapsulation and apoptosis of infected tissues combined to inhibit virus pathogenesis in the host. Midgut barriers reduced initial infections and systemic factors reduced viral success as the virus escaped from the midgut in orally inoculated and IH-inoculated larvae as the virus spread through the haemocoel ( Supplementary Fig. S3 , available in JGV Online).
As predicted from other lepidopteran/NPV systems (Washburn et al., 1995) , midgut-based barriers played a primary role in developmental resistance in L. dispar. Orally inoculated mid-fourth instars developed fewer midgut infections than newly moulted larvae, which resulted in fewer spreading, systemic infections. The larger difference in viral mortality between larval ages by oral versus IH challenge confirmed the importance of the midgut barrier in developmental resistance. Removal of midgut infections in L. dispar probably involves apoptosis of infected midgut epithelial cells (Dougherty et al., 2005) and is considered a conserved mechanism for midgutbased resistance to NPVs in most lepidopterans (Volkman, 2007) . However, in this study, systemic defences also played a significant role in developmental resistance.
Encapsulation and melanization of infected cells was an effective defence by the host, especially of tracheae associated with the midgut. This response probably occurs rapidly once infections are detected by haemocytes, and even though this may happen at any time, it is more likely to negatively affect virus success early in pathogenesis when the virus begins to escape the midgut. This response could, in part, explain the delay in appearance and spread of haemocyte infections observed in both ages of orally inoculated larvae after tracheal infections appeared and in IH-inoculated larvae following virus challenge. Observed differences in encapsulation prevalence were not due to differences in haemocyte concentrations ( Supplementary  Fig. S1 ), but probably resulted from a more robust ability of the haemocytes to respond to infected tissue in 4 48 compared with 4 0 larvae. Encapsulations in mock-inoculated insects probably originated from small wounds created during inoculation or from foreign material introduced during dissection to expose the midgut. We detected no viral mortality or signalling in these mockinoculated larvae, and even though these encapsulations in control insects were apparent, they were less prevalent than in virus-inoculated larvae, indicating that encapsulation is an important part of the antiviral response in L. dispar. Elimination of infected tissue through encapsulation and melanization can occur in lepidopterans infected with AcNPV, but has only been reported in non-susceptible hosts such as Helicoverpa zea and Manduca sexta (Trudeau et al., 2001; Washburn et al., 2000) and did not differ in effectiveness at different times within the instar.
Apoptosis of infected tissues could be another potent mechanism of developmental resistance in L. dispar by eliminating infection foci. Mid-instar larvae with systemic infections lost more tracheal epidermal cell infections than newly moulted larvae, apparently by apoptosis. Apoptosis of tracheal epidermal cells was hypothesized to contribute to AcNPV resistance in Spodoptera frugiperda (HaasStapleton et al., 2003 ) and it appears to be an effective defence against AcNPV infection in the fat body and epithelium of IH-injected S. frugiperda (Clarke & Clem, 2003) and Spodoptera exigua (Clem, 2005) . However, to our knowledge, this study provides the first evidence that apoptosis could be contributing to age-dependent antiviral defences by eliminating infected tracheal epidermal cells.
Apoptosis occurred in haemocytes of both larval ages, but was more prevalent in mid-instar larvae, contributing to the reduced LacZ signalling that we observed in haemocytes from 4 48 larvae orally inoculated at both doses and IH-inoculated with a low virus dose. Apoptosis of infected haemocytes delayed virus pathogenesis in Spodoptera litura infected with AcNPV, but did not affect final mortality (Zhang et al., 2002) . Apoptosis of haemocytes appeared to play a more significant role in limiting virus spread in L. dispar, as the greater prevalence of apoptosis in haemocytes of mid-instar larvae correlated with levels of infection in host haemocytes and with final mortality. Reduced haemocyte infections corresponding to reduced viral mortality were also observed in H. zea larvae inoculated with AcNPV, except that, in that system, BV entered the haemocytes but did not replicate (Trudeau et al., 2001) . It is unlikely that this mechanism contributed to developmental resistance in L. dispar, as OBs were produced in haemocytes of both larval ages, indicating that the virus was able to complete replication regardless of larval age. Also, differences in the proportion of infected haemocytes between 4 0 and 4 48 larvae was not as great as differences in the proportion of infected midgut cells, and could be overcome in IH-inoculated larvae if a sufficiently high viral dose was delivered (Fig. 6b) . This indicates that, whilst apoptosis of infected haemocytes occurs in larvae and can affect virus spread depending on larval age, it is by no means the primary mechanism of antiviral defence in L. dispar. Instead, age-dependent antiviral defence results from several mechanisms acting together.
We suggest that the mechanisms of developmental resistance described here are evolved responses to selective forces to which the host is subjected in nature. As its only known natural host (Barber et al., 1993) , L. dispar has a long co-evolutionary history with LdMNPV and is found around the world, including in the host's native range across Eurasia (Reiff, 1911) . Given the ability of the host to resist infection, it is intriguing that LdMNPV is maintained at endemic levels with occasional epizootics. Perhaps the age-related nature of resistance accounts for this persistence. Differences in susceptibility to fatal infection within an instar mirror larval feeding activity closely. Larvae do not feed for the first 16-24 h post-moult, until their mouth parts are fully hardened, so they are unlikely to ingest virus at this time when defences to infection are low. By approximately 48 h post-moult, larvae are feeding and more likely to ingest a lethal dose of virus, coincident with the time at which antiviral defences are most robust. Resistance against baculoviruses is costly and must be balanced against the host's overall fitness (Milks, 1997; Monobrullah & Shankar, 2008; Reeson et al., 1998) . Increased resistance in mid-instars suggests that the host has adapted to the cost of these defences by expressing them when the pathogen threat is greatest. Genetic variation between individuals could also affect how effectively defences are balanced and could explain some of the variation in our own data. It is almost certain that expression of these resistance mechanisms is regulated hormonally, as has been shown in the silkworm, Bombyx mori, infected with Bombyx mori nucleopolyhedrovirus (Hou & Yang, 1990) . Further work on the costs and regulation of antiviral defences in the host will address these possibilities more definitively.
METHODS
Insect rearing and staging. L. dispar eggs were obtained from the USDA (Otis ANGB) and reared on an artificial diet (Southland Products) using the protocol of Hoover et al. (2002) . Late-third instars showing head-capsule slippage (premoults to the fourth instar) were placed at 28 uC and collected as they moulted to the fourth instar. Larvae inoculated with virus immediately after moulting were designated 4 0 larvae. Larvae placed on an artificial diet for 48 h under identical rearing conditions and then inoculated with virus were designated 4 48 larvae.
Virus preparation and inoculation. The viral construct used for this study was a polh + recombinant of LdMNPV expressing b-galactosidase, generated by using homologous recombination, hereafter referred to as LdMNPV pol+LacZ7H5. A transfer vector was constructed to insert a cassette bearing Escherichia coli lacZ under control of the Drosophila melanogaster hsp70 promoter upstream of the polh promoter in an intergenic region of the LdMNPV genome, between hr1 and polh. For the details of virus construction, see Supplementary Methods (available in JGV Online).
Both occluded and budded forms of LdMNPV pol+LacZ7H5 were used. OBs were diluted in sterile 60 % glycerol and BV in Excell420+5 %FBS insect cell medium (SAFC Biosciences). Control larvae were inoculated with the appropriate carrier. One microlitre of OBs was administered to each larva per os as described by Engelhard et al. (1994) using a microinjector (Burkard Scientific) and a syringe with a 30-gauge blunt-tipped needle. Larvae were placed in individual plastic cups (29.6 ml; Comet Products) with sufficient artificial diet and stored at 25 uC under a photoperiod of 18 : 6 h (light : dark). Two doses were used: a low dose of 500 OBs ml 21 and a high dose of 4000 OBs ml
21
.
One microlitre of BV was injected into the haemocoel at the base of a proleg, using the same apparatus and a 32-gauge sharp-tipped needle. After IH inoculation, larvae were reared individually, as above. Two doses were used: a low dose of 3.8 TCID 50 ml 21 and a high dose of 55.9 TCID 50 ml 21 .
Haemolymph collection and analysis. For orally inoculated larvae, haemolymph samples were collected from 10-20 larvae of each age and virus dose at 0, 0.5, 1, 2, 3, 4, 5, 6, 7 and 8 days p.i. Haemolymph samples were collected from 10 larvae of each age and virus dose of IH-injected larvae at 1, 2, 3, 4, 5, 6, 7 and 8 days p.i. Haemolymph samples were collected in the same manner, regardless of inoculation method.
To collect haemolymph, larvae were surface-sterilized by immersing them in 70 % ethanol for about 30 s. After drying, a proleg was clipped using sterilized dissecting scissors and haemolymph was dripped onto Parafilm sitting on ice. Ten microlitres of haemolymph was placed into a well of a 24-well tissue-culture plate (Becton Dickinson) containing 1 ml Excell420+5 %FBS insect cell medium and 20 ml 0.025 % (w/v) phenylthiourea in deionized water (Sigma). Each plate was centrifuged for 6 min at 800 g at 4 uC. The supernatant was removed and each well was rinsed with 4 % (w/v) paraformaldehyde in cytoskeleton extraction buffer (10 mM PIPES, 60 mM sucrose, 100 mM potassium chloride, 5 mM magnesium acetate, 1 mM EGTA) for 15 min. The paraformaldehyde was removed and cells were rinsed twice with PBS (10 mM sodium phosphate monobasic, 150 mM sodium chloride) before being covered with 0.08 % (w/v) X-Gal (Gold Biotechnology, Inc.) and incubating the plate in the dark at 28 uC for 24 h. After removing the X-Gal, cells were rinsed once with PBS, covered with 4 % paraformaldehyde and stored at 4 uC.
The proportion of haemocytes expressing LacZ in each sample was determined by photographing five fields of view along the diameter of each well at 6400 under phase contrast using a digital camera (Nikon Coolpix 950); the numbers of LacZ-signalling cells and total cells in each image were counted. Counts were summed for the five images and used to calculate the proportion of LacZ-signalling cells in each sample. Additional images were taken of each field of view in which LacZ-signalling haemocytes were observed under bright-field lighting at 6400+63 digital zoom to detect the presence of OBs.
Evidence of infection in insect cadavers. Following collection of haemolymph samples from orally inoculated larvae, cadavers were dissected and processed for LacZ signalling as described previously (Plymale et al., 2008) . Each cadaver was examined and scored for the presence and number of (i) infected midgut cells only, (ii) infected midgut plus associated tracheal epidermal cells, and (iii) infected midgut-associated tracheal epidermal cells only. Cadavers were also scored for the presence of systemic infections (beyond the midgut) with non-midgut-associated tracheal epidermal cells. The definition of a systemic infection used here contrasts with those used in other studies, in which infection of the tracheae servicing the midgut was considered systemic because it was thought that infected tracheal epidermal cells could not be lost (Washburn et al., 1995 (Washburn et al., , 1999 . We draw a distinction between infections of the tissues immediately surrounding the midgut (i.e. midgut plus tracheal epidermal cells and midgut-associated tracheal epidermal cells only) and those extending beyond the midgut (systemic). Insects with systemic infections were separated further by the presence/absence of infected tracheal elements away from the midgut. Cadavers were also scored for the presence/absence of melanized, cellular encapsulations of midgut epithelial cells and/or associated tracheae.
Evidence of apoptosis in infected tracheal epidermal cells and haemocytes. Only 4 0 larvae inoculated with the high dose of virus were analysed for apoptotic tracheal epidermal cells, because systemic infections in 4 48 larvae were rarely detected regardless of virus dose. Fifteen 4 0 larvae were mock-inoculated and 30 larvae were inoculated with virus. At 2, 7 and 9 days p.i., two of the control and five of the virus-inoculated larvae were dissected and immersed in 4 % paraformaldehyde solution. Small sections of midgut tissue with tracheal elements attached were removed and examined for evidence of apoptosis and LacZ signalling.
We performed a TUNEL assay on the LacZ-processed tissues using the DeadEnd Colorimetric TUNEL system (Promega) to label apoptotic cells, following the manufacturer's instructions. The samples were also stained with DAPI (4N,6N-diamidino-2-phenylindole; Calbiochem) to confirm the nuclear arrangement of the tracheal epidermal cells. As positive controls, one sample from each treatment was treated with DNase I (Promega) at each time point. After processing, tissue samples were immersed in a PBS solution (130 mM sodium chloride, 7 mM sodium phosphate dibasic, 3 mM sodium phosphate monobasic) in a 96-well plate. Digital images were taken with a compound microscope at 61000.
Prevalence of apoptosis in haemocytes was determined by collecting haemolymph samples from 4 0 and 4 48 larvae inoculated with the high virus dose at 2, 5, 7 and 8 days p.i. and processing for LacZ signalling. Samples were subsequently processed for detection of apoptotic cells using the DeadEnd Colorimetric TUNEL system and stained with DAPI, as described above. Ten virus-inoculated and four mock-inoculated larvae were sampled from each cohort at each time point. One larva from each treatment and each age group was processed without TUNEL antibody (negative control) at each time point. Additionally, one mock-inoculated larva was treated with DNase I (positive control) at each time point. Prevalence of apoptotic haemocytes was determined using images collected at 6400 in the same manner as the proportion of infected haemocytes, as described above. Additional images at 6630 were also collected.
Haemocytes from five larvae at 7 days p.i. were also processed to detect caspase activity. For assay controls, haemocytes from additional larvae were incubated with a 1 % solution of staurosporine (Cayman Chemical Co.) to induce apoptosis. After processing for LacZ as above, samples were rinsed in 0.2 % Triton-X. These samples were not processed for TUNEL because of interference between the TUNEL and caspase staining. Samples were rinsed (2610 min) in PBS containing 1 % fish gelatin (Sigma) then incubated overnight at 4 uC in a 1 : 500 dilution of the cleaved caspase-3 antibody CM1 (Cell Signaling Technology, Inc.), normal rabbit serum in PBS (negative control) or PBS only (negative control). The following day, samples were rinsed in PBS/gelatin (2610 min) and then incubated for 2 h in a 1 : 5000 dilution of IgG R-phycoerythrin antibody (Vector Laboratories, Inc.). DAPI stain was applied for the last 1 h of incubation. Samples were then rinsed in PBS/gelatin for 30 min, followed by two additional rinses of 10 min each. Images were taken at 6630 using a compound microscope.
Statistical analyses. The proportion of orally inoculated larvae with infected tissues, evidence of melanized encapsulation and loss of tracheal epidermal cell infections were compared between 4 0 and 4 48 larvae using chi-squared contingency analysis. Because the proportion of infected haemocytes was not distributed normally, differences between age groups were determined with the Kruskal-Wallis test. Prevalence of apoptotic haemocytes was determined by using Student's t-test. Proportions of OBs in infected haemocytes were compared by using ANOVA and Tukey's honestly significant difference (HSD) test of arcsine-transformed data. Differences in the concentration of haemocytes between age groups were determined with ANCOVA and Tukey's HSD test, where the covariate was days p.i. ANCOVAs were conducted by using Minitab statistical software (v. 15.1.1.0) and all other analyses used JMP statistical software (v. 5.1). For all statistical comparisons, a50.05.
